Background: Currently, there is no drug known that is able to eradicate either HIV or HIV-infected host cells. The effectiveness of all available treatments is based on the prevention of viral replication. We investigated whether the monoclonal, CD52 receptor-targeting antibody, alemtuzumab, which is currently approved for the treatment of multiple sclerosis, is able to eliminate HIV-infected immune cells. Method: In blood samples from healthy donors and from HIV-1-infected subjects who were either treatment-naïve or resistant to HAART, we studied whether the CD52 expression on T cells and their subsets (CD3, CD4, CD8), B cells (CD19), dendritic cells (CD123) and monocytes (CD11c) is retained in HIV-1 infection and whether alemtuzumab is able to eradicate infected cells, using four-colour flow cytometry. Results: We found that CD52 expression on immune cells is retained in HIV-1 infection regardless of CD4 cell count, viral load and treatment status, and is amenable to alemtuzumab-induced depletion. Conclusions: For the first time it could be shown in vitro that HIV-1-infected immune cells can be eliminated by using the monoclonal antibody alemtuzumab.
Background
Treatment of HIV infection has made outstanding progress in the last decades. From a deadly disease, HIV infection has changed -due to the success of highly active antiretroviral therapy (HAART) -to a chronic disease, responsive to suppressive therapy, with viral loads falling below the standard limits of detection and patients being able to live normal lives [1] . However, with more sophisticated methods, virus can still be detected in most patients at levels in the range of 1-50 copies/mL [2] . Although the long-term implications of this persistence have not been established, neurological, cardiovascular and/or malignant consequences cannot be excluded. Another factor to be considered is the toxicity of HAART itself. More importantly, in virologically well-suppressed individuals, increased rates of several long-term, non-AIDS-related diseases such as heart and liver malfunctions, diabetes and cancer have been reported [3] .This concern led to the START study enrolling patients with CD4 cell counts above 500 cells/mm 3 and randomisation to immediate treatment or deferred treatment until after the CD4 cell count dropped to 350 cells/mm 3 . Reported results showed that starting antiretroviral therapy with a CD4 cell count of more than 500 cells/mm 3 provided net benefits over starting therapy after the CD4 cell count had declined to 350 cells/mm 3 [4] . HAART is now recommended for everyone living with HIV at any CD4 cell count. However, the cost of treating HIV infection may be acceptable in developed countries but it certainly constitutes a major problem in resource-limited countries. These issues have repeatedly raised the question of whether cure of HIV infection is possible.
Current HIV treatments belong to four different mechanistic classes, reverse transcriptase inhibitors (RTI; nucleoside RTIs or 'NRTIs' and non-nucleoside RTIs or 'NNRTIs'), protease inhibitors, entry inhibitors (fusion inhibitors and CCR5-inhibitors) and integrase inhibitors. All of them prevent viral replication, i.e. they have virostatic activity. They eliminate neither the virus nor the infected host cell. As a consequence, a cure of the disease has not been achieved. As soon as HAART is stopped, viral load bounces back within approximately 2 weeks [5] . The reason for this rebound has not been fully elucidated. It has been speculated that latently infected resting memory CD4+ T cells constitute the major reservoir for residual virions [6] . Other suspects include lymphocytes, which are able to produce viral RNA without showing markers of activation [7] as well as monocytes and macrophage lineages. What makes the situation even worse is cell-to-cell spread of HIV even in the presence of antiviral therapy [8] . The ultimate objective of HIV therapy has been and still is the total eradication of virions throughout the body so that HAART can be stopped and the patient is cured [9] .
The current basic principles of therapy comprise prevention of viral replication and support for T cell preservation and reconstitution. The objective is to bring down the viral load and to increase the number of T cells. We are following a completely different route. We are looking for means to eradicate virally infected host cells and -since the virus would immediately attack so-far uninfected immune cells -to deplete all potential host cells for a certain period of time. Our hypothesis is that host cells are not only needed for viral replication but also for survival of the virus. Depleting host cells therefore would not only mean that replication is no longer possible but also that the virus would not be able to survive. Accordingly, complete elimination of potential host cells, that is of T cells, lymphocytes, monocytes, macrophages and dendritic cells, for a certain period of time would eradicate not only any virus hiding in these cells but also any freely circulating virus. The basic principle of this proposal compared to conventional HAART is illustrated in Figures 1 and 2 .
There are currently several different ways available to lyse immune cells. We selected the CD52-targeting monoclonal antibody, alemtuzumab (Campath, Lemtrada), for this purpose. This drug is a humanised, IgG1 kappa monoclonal antibody directed against the cell surface antigen CD52 [10] and is the most potent monoclonal antibody for the elimination of lymphocytes, monocytes and macrophages currently available. The mechanism of action of alemtuzumab is summarised in Figure 3 . It has been shown that a single intravenous dose of 3 mg is able to completely eliminate all circulating lymphocytes in humans for several months [11] although the half-life of the drug in blood varies between 15 and 20 days, as reported by Morris et al. [12] or only 6 hours as published by Hale et al. [13] . Biodistribution of alemtuzumab as evaluated in mice is characterised by high uptake in bone marrow, the lymphoid tissues and in the mononuclear phagocyte system. Staining was also observed in the male reproductive system and in the skin [14] .
Alemtuzumab had been approved and was widely used under the trade name Campath or Mabcampath for the treatment of chronic lymphocytic leukaemia (CLL) [15] and is under investigation in other haematological malignancies [16] . The drug is now approved by the FDA and the EMA for the treatment of multiple sclerosis using the trade name Lemtrada [17] and is widely used off-label in stem cell [18] and solid organ transplantation [19] . It is well known and has been repeatedly published that alemtuzumab only incompletely eliminates immune cells in vitro in contrast to the situation in vivo [11] where immune cells are immediately and completely eliminated by a single dose of alemtuzumab. Nevertheless, we decided to test this drug in vitro before testing in HIV-infected individuals to see first, whether the CD52 receptor is retained in HIV infection and, second, whether alemtuzumab can still bind to this receptor and lyse HIV-infected cells.
In our study we investigated the expression of the CD52 antigen on various immune cells in peripheral whole blood samples obtained from HIV-infected individuals who included responders and non-responders to HAART, with different CD4 cell counts and viral loads. We also investigated the in vitro depletion kinetics of these immune cells by alemtuzumab.
Methods

CD52 expression on immune cells
The percentage and density of CD52 receptors on T cells and T cell subsets (CD3, CD4, CD8), B cells (CD19), dendritic cells (CD123) and monocyte-derived dendritic cells (CD11c) was determined in samples from healthy volunteers (n=3) and from HIV-1 patients (n=21, detailed demographic data were available from 15 subjects) with different CD4 cell counts and viral loads, and who included responders and non-responders to HAART, by incubating alemtuzumab at room temperature (RT) for 30 minutes in 100 μL heparinised whole blood at a concentration of 10 μg/mL together with monoclonal antibodies against CD3/CD4/CD8 in one test tube, against CD19 in a second test tube, and against CD11c and CD123 in a third test tube. Whole blood was used to perform the assay instead of peripheral blood mononuclear cells (PBMCs) because it would be more representative of the situation in vivo, there would be less manipulation of the sample and it was technically simple to perform. Red blood cells (RBCs) were then lysed with FACS lysing solution and washed once with phosphate-buffered solution (PBS). Alemtuzumab was counterstained with 5 μL of anti-human IgG/Fc antibody (dilution 1:10) and incubated at room temperature for 30 minutes. The cells were washed once with PBS and re-suspended in 100 μL of 0.5% paraformaldehyde. The percentage and intensity of CD52 expression were measured by four-colour flow cytometry.
Immune cell depletion by alemtuzumab
A concentration of 10 μg/mL of alemtuzumab was incubated with 100 μL heparinised blood for 4 hours. Rabbit complement was added as exogenous complement to ensure efficient cell lysis. After the 4-hour incubation, the cells were again processed for CD52 expression under the same procedure as described above for the CD52 expression. The percentage of surviving cells was determined by flow cytometry. Experiments were performed in triplicate.
HIV-1 proviral DNA detection from the immune cell pellets DNA from PBMCs after RBC lysis from three patients who were HAART responders (VL<50 copies/mL) and from three patients who had experienced HAART treatment-failure and harboured the M184V drug-resistance mutation, were analysed before and after incubation with alemtuzumab by in-house multiplex HIV-1 gag and pol polymerase chain reactions (PCR) to confirm whether the HIV-infected cells were still present. Although total eradication of lymphocytes is not possible in this in vitro model, the same DNA samples were subjected to HIV-1 drug-resistance genotypic testing in order to assess whether the alemtuzumab-mediated immune cell killings may lead to eradication of M184V-infected cells. The method for the PCR in brief is as follows:
• HIV-1 gag -outer primers targeted HIV-1 gag: gag-728 (5′ GCA GCA AAG TCA GCC AAA ATT ACC 3′), and gag-1146 (5′ CCT TTT ATA GAT GTC TCC CAC TGG 3′). Inner primers: gag-844 (5′ TTT TAA CCC AGA AGT AAT ACC CAT G 3′), and gag-1070 (5′ GTT CCT GCT ATG TCA CTT CCC CTT 3′).
• HIV-1 pol -outer primers: JA-17 (5′ TAC AGG AGC AGA TGA TAC AG 3′), and JA-20 (5′ CCT GGC TTT AAT GTT ACT GG 3′). Inner primers: JA-18 (5′ GGA AAC CAA AAA TGA TAG GG 3′), and JA-19 (5′ ATT ATG TTG ACA GGT GTA GG 3′).
The first PCR reactions were performed at 94°C for 5 minutes, 94°C for 30 seconds, 52°C for 30 seconds, 72°C for 30 seconds for a total of 40 cycles, then at 72°C for 7 minutes. The second PCR reactions were performed at 94°C for 5 minutes, 94°C for 30 seconds, 50°C for 30 seconds, 72°C for 30 seconds for a total of 35 cycles, then at 72°C for 7 minutes and kept at 4°C.
Results
CD52 expression on various immune cells
We found that almost all T cells (CD3+) 
Alemtuzumab-mediated immune cell lysis
Samples from HIV-1-seronegative subjects were investigated. In Figure 5a , the results of an HIV-1-seronegative individual show alemtuzumab-mediated depletion of 87% of plasmacytoid dendritic cells (CD52+/CD123+) to 95% depletion of CD4+ T cells. The maximum alemtuzumab-mediated depletion ranged from 86% for CD11c+ cells (monocytes) (Figure 5b ) to 98% in B cells (CD19+).
The kinetic patterns of all three individuals were similar. The kinetics and the maximum percentages of cell lysis in samples from HIV-1-infected individuals seemed to be different compared to those of seronegative subjects ( Figure 6 ). Figure 6a shows the depletion results of an HIV-seropositive patient. Figures 6b and  6c show the results of all nine patients at 1 and 4 hours incubation with alemtuzumab together with the added complement, respectively. The median percentage of CD3+, CD4+, CD8+, CD19+, CD11c+ and CD123+ depletion in samples from seropositive (versus seronegative) subjects was 58% versus 89%, 52% versus 93%, 60% versus 91%, 68% versus 99%, 49% versus 85%, and 59% versus 88%, respectively.
A comparison of samples from patients with virological success (viral load <50 copies/mL) and virological failure (viral loads >1000 copies/mL) who carried at least one lamivudine-associated resistance mutation showed that alemtuzumab-mediated immune cell lysis was similar between the groups (data not shown).
HIV-1 proviral DNA and detection of M184V drug resistance mutation Expectedly, since the lysis of lymphocytes was not complete in vitro (Figure 7 ), HIV-1 proviral DNA could still be detected in the samples from patients whose HAART had failed and had viral loads of >1000 copies/mL, regardless of alemtuzumab treatment ( Figure  4 ). In two of three virologically well-suppressed patients, HIV-1 proviral DNA could be detected in only the alemtuzumab-treated PBMCs but not in untreated ones. In the two patients with HAART failure and whose HIV-1 reverse transcriptase gene was amplifiable, M184V (lamivudine resistance-associated mutation) proviral DNA was detected before and after incubation with alemtuzumab.
Discussion
The results of our experiments indicate that the CD52 receptor is retained in T cells of HIV-1-infected subjects and is able to bind alemtuzumab to a similar extent as in healthy volunteers. This finding is in agreement with a paper by Wu et al. [20] who determined a whole set of cell surface antigens in HIV-positive individuals and who reported that CD52 is expressed and can be used as a marker in these patients. Furthermore, our data show that T cell lysis by alemtuzumab can also be induced in blood samples obtained from HIV-1-infected subjects. The extent of alemtuzumab-induced cell lysis in samples from HIV-infected subjects was statistically not different from that of samples obtained from HIV-uninfected subjects. However, whereas all samples from HIV-negative subjects responded to alemtuzumabinduced cell depletion at rates of 80-100%, samples from HIV-infected patients showed a higher variability. Additionally, the rate of cell lysis seemed to be slower in samples from HIV patients compared to those from healthy subjects.
In general, in vitro depletion of different immune cells by alemtuzumab is not complete. This is in contrast to the situation in vivo, where circulating immune cells are completely eliminated [11] due to additional mechanisms such as antibody-dependent cellular cytotoxicity (ADCC), which is the major driver of alemtuzumab-induced cell lysis.
Adding fresh complement after 30 minutes of in vitro incubation with alemtuzumab increased the extent of cell depletion in some of the partial responders, but had little or no effect in others (data not shown). HIV and HIV-infected cells have been reported to be intrinsically resistant to complement-mediated depletion [21] although the complement system is highly activated in HIV infection and AIDS. However, due to deposition of C3, mannosebinding lectin and complement regulatory proteins such as decay-accelerating factor, membrane co-factor protein, CD59, and soluble factor H on the cell surface, virions and virus-infected cells may be partially protected from complement-mediated lysis. Our experiments indicate that this protective shielding system can be circumvented by the use of alemtuzumab, rendering infected cells sensitive to complement-mediated lysis. The situation may improve further in vivo, where the upregulated complement system might constitute a large-enough resource for increased complementinduced cell depletion following alemtuzumab binding to the CD52 receptor.
More importantly, in vivo the major contributor of alemtuzumabinduced cell lysis, ADCC, will come into effect. Natural killer (NK) cells play a major role in ADCC of virions and HIV-infected cells [22] . Their number and phenotype are subject to dramatic changes at different stages of HIV infection. Early on, NK cells are highly activated in HIV-infected subjects compared to normal subjects. Later on, their number decreases and NK cell receptor expression becomes significantly different, leading to a shift from activating to inhibitory phenotype. Accordingly, alemtuzumab-induced depletion of HIV-infected cells should be particularly effective in the early stages of HIV infection when both complement and NK cells are upregulated.
Another interesting question relates to dosing of alemtuzumab in HIV patients. Weinblatt et al. [11] have shown that a single intravenous dose of 3 mg alemtuzumab is able to completely eliminate all peripheral lymphocytes in rheumatoid arthritis patients. Assuming distribution of the antibody in the intravascular space of a 70-kg subject with 70% of body water, the concentration of alemtuzumab would be 0.06 μg/mL. In our experiments we found that in vitro, 2 μg/mL is less effective in cell depletion than 10 μg/mL, stressing again the importance of ADCC in comparison to complement-dependent cytotoxicity alone.
Ginaldi et al. [23] estimated that 125 mg of alemtuzumab is required to saturate all of the CD52 binding sites in a healthy subject assuming that the number of lymphocytes is 10 12 and the number of CD52 binding sites per cell is 5×10 5 . According to the results published by Weinblatt [11] , saturation of all available binding sites is not necessary for complete lymphocyte depletion. CD52 is expressed on peripheral blood lymphocytes, tonsillar cells, thymocytes, monocytes and macrophages, but not on granulocytes, platelets, erythrocytes and haematopoietic stem cells [24] . Using radioisotopes, the CD52 cell density on peripheral blood lymphocytes has been estimated at 500,000 antigens per cell [20] . This means that approximately 5% of the cell surface is covered with CD52 [25] .
After binding to CD52, alemtuzumab causes a release of inflammatory cytokines and induction of cell death through any of the host-effector mechanisms, i.e. complement-dependent cytotoxicity [26] , ADCC via its IgG Fc region [27] and by direct apoptosis [28] . The release of various cytokines and inflammatory mediators may result in an enhancement of HIV replication in this setting if HIV-transmissible cells cannot be totally eliminated. This may explain our observation why in HAART responders with undetectable plasma HIV viral loads, incomplete depletion of T cells by alemtuzumab led to detectable HIV-1 DNA. Another possible explanation is that due to lysis of HIV-infected immune cells, viral DNA was released from the cells and became detectable. Multiplex PCR findings showed that only one of the two HIV-1 target genes was positive in the samples of two patients. The most likely explanation for this observation is viral diversity.
Alemtuzumab has already been used in HIV-infected patients. Tan et al. [29] performed renal transplantation in three HIV recipients using alemtuzumab pre-conditioning (30 mg) and low-dose tacrolimus for post-transplant immunosuppression. All patients had good graft function, and none has experienced acute rejection.
No infectious or surgical complications occurred and CD4 cell counts were slowly recovering. HIV viral loads remained undetectable. However, since HAART was resumed after transplantation (Tan, personal communication) , clear conclusions on alemtuzumab-induced T cell lysis cannot be drawn from this study.
Vivanco et al. [30] reported on four cases of hepatitis C in HIV-positive patients who underwent kidney transplantation and received alemtuzumab pre-conditioning for induction. Hütter et al. [31] reported on an HIV-1-infected patient with acute myeloid leukaemia who received stem-cell transplantation from a donor who was homozygous for CCR5 delta32, which confers high resistance against HIV-1 infection. Following stem-cell transplantation, the patient has remained HIV-1 virus-free without resuming HAART and may be considered cured. Hütter explained this result by a complete shift from a heterozygous genotype to a homozygous delta32/delta32 genotype, which was achieved 61 days after transplantation. However, this result may also be explained by T cell depletion during and after transplantation due to rabbit antithymocyte globulin and gentuzumab, two potent lymphocyte-depleting agents [32] .
Conclusions
We were able to demonstrate for the first time that HIV-infected immune cells retain functioning CD52 receptors and can effectively be depleted by alemtuzumab.
In order to investigate whether this approach could potentially open up new horizons for the treatment of HIV infection and AIDS, a study in HIV-infected patients is warranted. Early use in the disease would be most appropriate although individuals whose HAART has failed may also be amenable to treatment with alemtuzumab. In the latter case, a clinical trial would allow study of whether alemtuzumab is able to deplete resistance-associated mutant-infected cells and thereby re-initiate susceptibility to HAART. Proof-of-concept studies of HIV reservoirs and potential functional cure among HIV-infected patients clinically indicated for alemtuzumab treatment is also warranted.
